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ABSTRACT?

Seimmic-acountic signal traniniAsion mcperIments, mployizg novel. seinde
transdncers on land and lake ice as transmitters and conventional bydxophome
in water beneath the ice as receivers, are described. The observed influeces
of wave excitation and propagation phmenaa on the signal character of trams-
nissions through earth, ice, and water are discussed. Applications of sa.1mb-
acoustic systems for commnications and target detection are indicated.
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CGIMUXICATION AND TAR=E DETWTIOW THROUGH ICE
BYXWOF SES AOSAA SMNA1.

A high level of perfection had been attaineL. in sonar and acoustic under-
water cominmication systams in open seas. In, ice-covered arctic maters, how-
ever, interference caused by acoustic noise emanating from moving and burst-
iug ice affects the perfaomance of these systems. The operational reqirsement
that acoustic devices must first be inserted thrugh& ice,, and then ismersed
into water, also makes existing systems far from perfect.

In submarine rescue operations in the Arctic, holes must be drilled
through the ice before imersing bydrophone detectors or the applicable
sources necessary for detection o: anid/or couziicatiori with submarines sub-.
merged below the ice cover. Tine spent drillinag these holes could be better
wsed in finding the vessel and saving lives. Hece., an urgent weed exists
for efficient seismic-acoustic devices and techniques by which signals can be
tr'ansmitted via ice into water, and received via water on the ice.

Further, it is necessary to coinuzdcate by seismic-acoustic mains from
underground conand installations to the surface. lov-frequeoncy seismc
signals are able to penetrate the upper weathered layers of the earth and
soil overburden; however,, In the case of underground hardened sites such as
mines or tunnels, the xtreum-stiffened walls inhibit radiation and upward
tr'ansission. In the case" of high-frequency transmisions,, the extremely
absorbent weathered layer blocks transmissions from reaching the sarface;
however, high-frequency signals do penetrate s~diaent layers on the bottams
of lakes and can be received in water by hydrophones. It is necssary to
transmit and receive seismic-acoustic si1nals viA both land and water to kIn-
plesent a "Hard-Line" ccinzaications system. Such a slinmic-acoustia syste
will permit cooinnication between surface or underground installations on the
cmoat and subwmarnes submerged offshore.

The seinde-acoustic expariments described In this report are the first
ph~as in the development of a seiamic-acoustic system for ccinnication M
detection between the earth and ice-covered water.

DISCUJSSION

Pevelqpwnt of the Concent

The idea of using an experiment~al seismic cacmications system for ap-
plication to submarine cominnications In the Arctic was conceived by M1. 31.
KI al rmnan of the Naval Ordnance Laboratory, Silver Spring, Maryland. 1

Implementation of this idea was accompliuht,& by modification of 6aetos
and procedures used in previous experimients during whiich nominal a0H8 seis-
mic signals were transmitted through lake ice by the flexural-wave mode. 2

The modification permitted signal reception in water, -and used bydrophovne
immersed below the ice at various distances from the seismica transaducers
(line) located on the surface of the ice.
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In view of the difficulties ustiafly encountered in experimental work in
the Arctic, it was decided to conduct low-cost feasibility experiments on
Lake Champlain in Now York State (Fig. 1).

&I~EL"Uetal Setup and Instrumntation

A van housin seiamic ommuuioationa inst~ruments was set up on the Wade
CoqAUiy Property (Fig. 1). Two remonant, seismic transducers (80 Hz, 200Id)
mmr situated 100 meters from, aid 140'meters above, the surface of the lake
an a flat spot at the crest of a bill (Fig. 2). Four seismic transducers
(80 as resonant 10W) and an Improvised version of the experimental stack
transducer (IFig3 were placed on the ice approximately 200 aeters offshore.

In conionications experiments,, the mall (10 V4) seisimic transducers were
deployed at 1,5-meter spacings in the torn of & linear array oriented perpen-
dicular to the short. During experiments relating to obstacle scatter and
detection, the small1 transducers were deployed in the form of a square array.
Two hydropbone receiver" were suspended. from wooden cradles to a depth of six
meters in the water below the ice. One hydrophone (Fig. 14) was center-ed be-
neath small transducers =T-1 and 17D-2 of the array; the other mer located
K00 meters offshore in the direction of the array. 7he first bydrophone,, the
monitor hydrophone, will be referred to as "11-1"; azd the second,, the dia-
tent bydrophone., will be refrread to an "HP-2".

Throughout the experiments, transducers and hydrophones were connected
by cablesa to the instrament van loarted onshore. All circuits and equipment

confgurtios wre clecked widle eleotricafl)y energized, for possible oleo-
* trausgantic: stray-coupling between the transmaitter and receiver cabless, by

liUtMz the transducers off the ice and the hydrophones out of the water.
Aero sina levels verified proper functioning of the system.

AN Zro id2~ Ta prtdsrne ro bu 2S oG0 0 .Hg os ee
During the aourse of the expermns Weather and temperature changed

due to the crackizg of ice cansed by wsind gusts and tesiperature variations,
were observed@ Large pressure ridges and cracks crisscrossed the ice.* Safe
Icc exttended one mile from shore. The ice cover,, 20 to 25 anthick and very
dense and hard., was transparent,

Jbprimertte performed during Lake Ghax~ain teste includeds

1. franmiasions of naminal 80 Hs land-to-vater seismc signal.
- ~from a mull hill and their reception by two hydrophones submeerged to a depth

of approximately six meters below the ice, and located offshore at a distance
of 200 and 500 metwer respectively.

2. lao-to-water transmissions of noodnal 88 Hz; 250 Hz$ 100 Has
and band-limited voice signals from the surface of the ice at about 160 to
200 meters offshore.

3. Dint. ,tion of phase variations in the 250 Ka transmissions from
the ice., caused by scatter from a rubber mat lowered into the water:

2
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a. Beneath the trmidtter si.te on the ice (side scatter expar-
inants), and

b. Between transmittar and hydrophone sites respectively
(forward scatter experiments).

4,. Heasurmenta of s

a. Vibration amplitudos of the ice camsed by seimc transdu-
coe.s, and

b. 2he resulting acoustii pressure on hydrophona. belov the
ice.

a. Mu-ement of tmparatur*- and wind-induced acoustic noise
levels within several frequancy bands.

6. Detezrination of the effects of 002 gas bubbles, In wtr and
between water and ice, on the coupling of acoustic signals transmitted from
Lce into water.

Organization of Data and Method of Evaluation

In view of tke imediate influence of these eperimenta1 results on sub-
marine operations in aretio ice-covered waters, all pestin=n4. u
data, observations, and remarks are included in the Appendices. Data from
similar or repeated expriments are grouped together under one headin; there-
fare, log item ae not in chronological order. Sowver, tins and eniron-
metal conditions for eac& ee.arimn are given as "3  k" In oonoetion
with t"e data. Me data in Appewmioes A kthrot D and the calculatLone in
Appenices It and F fom the basis for the snLys and evaluation of o~eri-
mentl remItm in regard to:

1. Dabarine ocmwioations and detection In anctic ice-covered
waters and

2. Cosmni cation@ frim hardened sites.

The method of analyis and evaluation in described by the Flow Qaart given
in Fig. ~
Evalation and IteW retation of CO and Pulsed Camuications •ez1mments

A omparison of the experimental data presented in Appendices A amd B
regarding the sIgnal quality of trnmsin a .land and from cee re7eals
that the 88 HS tranmiasions from ice into water displayed the most Inferior
qalit, of any signals received during the wxpriments. Nolmna 80 Rs trans-
issions from land viLa soil, rook, and inter over a total di•tance of 600

meotrs reveals a unch better sid quality than ulular lou-frequenOY (88 HS)
tzanuni•uions frzm the ice surface over a distance of only 300 meters. In
interpreting these differences in low-frequency transmissions (80 and 88 .s)
frm land and ice, it should be noted that bigh-frequey tranus•sfsilons (250
to 1000 Us) from ths ers site on the ice were far s•%prior to the 88 Hz

tX-r,"sgingVigi evid.1* can be ' een inn Ifigs 6 to Il.1

For ezmle, coepare Figs. 6 and 7 (the recordiUn of the heterodwned CW
and pulse signal outputa ftro the distant bedrOPhoe obtained from trans- I
mission of the 80 Hu signl frm Land) with Fig. 8 (the recording of the

I . . .:
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88 Hs signal from the ice su~rface). Due to the marginal quality of the 88 liz
Wt~ranmaission from the ice-surface array of waia~ seismic transducers, no

atmtwas made to record pulae-amplitude =odulated signals at the same car-
rier frequency. In contrast, notice the recordings given in Fig. 9j, which
show 250 Hs CWY signals transmitted from the ice surface by the smae array
using small seismic transducers operating in the third harisonic resonance

AM made. 2his recording (fig. 9) clearly shown the variation in the received
250 Ha signal lev*l as a function of phase variations in the electrical drive
voltages. of the asrrq. In thi came, phase vZariation an produced by, a

-, f motior-driven phase shifter inL the drive circuit of the transdcber array.

't- Of particular Interest in the fact that ice-cracking noise Interference
with 250 Us tranimisions is negligible iwhe compared to the came of 88 Ila

trn- i -iao even though ambient maise, levelh measured by the hydrophone
in the 60 to 100 Ha frequency band are almost equal to those in the 230 and
280 Us frequencv band (APPx. B). SWimia to the CW case, control over the
array radiation patterns and thus levels ot tue pulsed 250 Na signals by ad-
3usant of the phase of the arrays is indictated in Fig. 10.

A direct aptical recoring, made by C=C Model 5-324& of the almost Ideal
sin x

-~ -x tqp sape of the pt, aed 1000 Ka si gnal transmitted froin the stac&
transfears is meen in Fig* 11, Interference again inselgbe.Eiety
higb-freqimenc transmissions from ice are aztrmue3.y well received brhdo
phones In waters, and are almost free of interference froms ice-cracking noises.
In view of the excellent reception of these essentially single-freqoency eig-
nasi In the voice-frequiency spectrums one would e~ect voice signals to be

jw- received equally wall. This -was not the case. Band-liuited voice signals
(25D to 1-00 s) transmitted frcm the stack- transducer came through perfectly
over the monitor bydrophone beneath the tranamitter site. However, voice
signal picked up bF the distant bqdrophone were completely unintellgible.
Theem xeimna data raise the follovidz questions:

1,Wb is the 88 Ustransmission from ice inerior to the 80 Ela
trnmisonfmthe more itn ad Poaainlse are nachgrae

in earth then in bard ice and water and, therefore, should more than offset
0 differences in the primary power levels. fi~drophone receiver circuits vere

identical and ambient noise levels at h~ydrophone locations were almost equal
in both cases).

2. Whay are tranouissions from the Ice., of 2.1 1z signals, superor
to tranainssionie of 88 Hs signals? (In both cases., traL A4ttar and receiver
circuits were identical except for the filter bandwidths of receiver circuits--
230 to 280 9%and60 to100HUsrespectivelyT.)

3. Wihy is the voice signal lost over the longer distance? (irdi-
71. vidual frequencies in the voice spectrum -- a. g., 250 Hz andlOI= Hs -- cams

through wall above ambient noise levels.)

Analysis shows the phenomena that are primarily involved:

is in the case of 8-0 Hz sinltzrr''-esion from l-and, via =83. and
rock into water:

a. Radiation of split beams of shear waves from the tra~nsducers
on the hill into earth, and

14~



b, Refraction of one of theve shear-wave beams at the sloping soil1-
water boundary and its conversion into a preasure wave in the water.

2. In the case of transmissions from ice into water:

a. At low frequencies (88 Hz): Excitation and propagation of f2.z-
ural waves in the ice, and

b, At high frequencies (250 Ha, 1000 9z): Acoustic ce'4pliaS to t~b
mater and cutoff-tiype attenuation of the flexural wave mods..

3.In the case of interfereiios by ice-craokJ~n& noises:

a. At low frequencies (88 H2): Pro isatcrcs prodc.ad t3.y
via the flexurai-wave mode of the ice, and

b. At high frequencies (250 Hz, 1000 Hz): Predoid~nmntly via the
acoustic mods travelling tbaough water.

aie of Low-f~reggncf Transmission Nechaninw: 80 H% from Land vve 88 ft

1. As little as thirty watts drive power at 82 Hz, fedl into laid-based

transducer IMD-H-2 only,, yielded aa output at hydtraphone HP-i of 10 millivelts
correspnding to -i- I microbar aosi oa, . BsoenieUa

2. A total of 1.8 watts drive power at 88 Us for 'Mall ice-bamed tmoas.
ducers 1WD-i and flW-2 in the vicinity of bydrophone HEP-l yielded an output
of 86 millivolts,, corresponding to ,A~' miorobars of aoouatio pressue and an

6 ice vibration velocity of 0.027 mma/sec at the hole for the b~drophond (An~t-4-

3. Nstlinate of the power balance of transmitted versu received signal s

a. It is obvious that only a smali fraction of the origina 30 wamtte
fed into land-based tranaducer XD-H-2 reached the bydropbone: First of a~ll
the radiation efficiency of the transducer in at most only 25%j avid aeoondlys
the radiated power is distributed over several modes,, i~e.,, surface-wave
(Rayleigh wave) mode., subourface pressure *ode, and the shear-wave nkw.ds

b. Power going into the subsukrface ahear-ware mod* is roughly 20% of
the total radiated power. This shear-wave mode seems to play the most Impor-
tant role in our case. Sheiar waves are radiated in the farim of splt beam
into earth in such a may that one of the beams strikes the sloping earth-
water boundary at oblique angles. At such oblique angles, ranging from aboutI
10O to 400) relative to the asrth-water boundary sur-face, apomtly20% Of
the incident Power is trannmitted into the water. It the earth-water bovndinq,
incideu. shear vaves ame refracted anid transforsod into acoustic-pressure
waves travelling in a predominawtly horizontal direction.

a. A compari-son of lar-d-two-water with ice-to-water tranLsmisins of
nomi nal 80 Hs signals, raises the question: Why does the such lower acoustic
pressure (31 icrobar at HP-i) in the ladt-ae tranwslui~on produce Wiowls

W, 15
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of a such nhgier quality at longer distances (HP-2) than the much higher acous-
tic pressure (8 microbars at HP-1) in the ice-to-water transaission?

d. The most likely reasons for the inferior quality of signals
tranistted from ice over the shorter distance (Y^0 a) are the following:

(1) A significant amount of the power is radiated b7 the flexural-
wave maod. Flexural vibrations in ice are accompanied by acoustrc waves in
the water and air; however, the acoustic portion of the flexural-wave signal
is ducted along the underside of the Ice in such a manner that its intensity
deoays oponentially with depth. The signal ssplitude at a depth equal to
approximately the wavelength of sound in air divided by 2 7f is reduced to 36%.
This would be, in our case, roughly 0.6 meters. Hence, the signal energy in
this flexural-wave mode hardly reaches the distant hydrophonas at a depth of
about 6 moters.

(2) One may conclude, therefore, that the hydrophone8 are
strongly decoupled from ice-cracking noise propagated by the flexural-wave
soda. This is correct for the hydrophones, but not for the transducers based
on the ice. We have, then, the curious situation in which ice noise enters
into transmissions at the transmitter. It happens that ice noise is very
strong in tran,, ision, at --- 88 Hz. It is at these frequencies that the aud-
ible ice-crackipg bursts are propagated over long distances by air-coupled
flexural waves.4

(3) Thus, ice-based transducers are energized mechanically by
flexural noise vibrations of the ice, and electrically by the signal source.
This., then, explains the inferior quality of low-frequency signals transmitted
from ice as cemared with those transmitted from land.

Analuuis of the Tranmiission Mechanismas High-Frequency vs. Low-Frequency
Tranmisions from Ice into Water

The superior quality of high-frequency transmissions (250 Hz, 1000 Hz)
relative to the low-freqaency transmission (88 Hz) is intimately connected
with the attenuation of flexural waves as a function of frequency. Above a
critical frequency, the attenuation of flexural-wave modes in ice approaches
a cutoff condition. This critical frequency is approximately 10% above the
frequency at which the spectrum of the air-coupled wave reaches a sharp peak
(flerural-wave propagation velocity in the ice then equals sound propagation
velocity in the air). The approximate value of this critical frequency in Hz
is given by:14 0.3 2

Ice Thicknes in. Veters 10 "

In our case, for ice that in 20 and 25 cm. thick, fc J. 150 Hz. Thus,
at higher signal frequencies (250 Hz, 1000 Hz), distant noise, caused by ice
cracking and propagated by the flexural-wave mode, is almost suppressed. Sig-
nals are radiated effectively through water via the acoustic-wave mode only,
ard any superimposed low-frequency noise from flem al vibrations of the ice
at the transmitter site is removed by filtering. Hence, the superior quality
of high-frequency over low-frequency signals.

signal Fequency_ Bandwidths and Noise Bandwidths

Filter bandwidths used for reception of low-frequency signals were from
60 to 100 Hz, and from 60 to 120 Hz (Appendices A and W)e Therefore, filt.er

IS 16
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banidpasses ware located in the spoctrum where the most severe fle~xural noise
vibrations of the ice wurface occur. Fbr reception of 250 Hz and 1000 Rz
transmiisuions, filter bandpasaes were used of 230 and 280 Hz.. and 900 to
1.100 Ka., respectively. Considering that the bandwidth of pulsed (on-off) CW
signals is less than 1.0 Hz, further improvainants in the signal-to-noise ratios
of received signals are certainly possible by reduction of these filter band-
widths.

Mhe following fact is important. Ambient noise levels within these fre-
quency bands, as measured by the bydrophones, we"e of the same order of mag-
nitude (Appz. B). However, as pointed out previously., received signal-to-
noise ratios of the high-frequency transmissionis were much superior to those
of the lov-frequency transmissions * This is further confirmation- that inter-

3 ~ference from ice noise enters into low-frequency transmissions at the trans-
sitter site on the ice.

Evaluation and Interpretation of Results of Voice Comini cations ExperimentG

An attempt to receive voice signals in the 250 to 1500 Hz band failed,
in spite of the fact that the voice coming over the monitor hydrophone vas
loud and clear. Apparently over long distances, voice signals are not only
degraded by noise but also garbled by the dispersive propagation of voice
frequencies. This conclusion is derived from the fact that single 2~0 and
3.000 Hz CW and pulsed CW signals were received by the distant hydrophone.
at signal-to-noise ratios of aPproximatel~y 30 dB (Appz. B3). This dispersion
of voice signal~s is *aused by frequency- ane; angle-dependen reflections and

* -~refractions of acoustic waves at the ice and the sedimentary bottem, of the

Avanaton and Inteagret ation of Resutst of Side-Scatter and Forweard-Scatter
E~ewuene: etetion of Floating Objects beneath the Ice

The method of detecting floating objects beneath ice by scattor-inducedI
Omsk variations of the phase of the CW signal trrpiisaion is an extenuion of the

"Saismic Fence" Intrusion Det~ection S8ysts.u Instead of a seismic transducer,
a hydrophone was used. for reception of the siganal emitted from. the small adis-
mic transducers located on the ice. The intrusion of an object floating be-
neath the ice into thes acoustic beau. emanating from the ice-base transdocers
mwa detected by the resultant change in phase of tUe received signal relative
to the transmitted signal.

A fom-rubber mat about 1 meter wide, 2 meters loug., and 1,5 am thick mes
uaed &s the scatter object. Thia compliant rubber mat was fastened to a rope,
pushed through a small hole in the ice, and lowered into the water, Two old

__ ~batteries were attached to the mat and Borned as ballast to offset buoyanlcy,
The choice of a thin ah2.t of foam rubber as a scatter object was dictated by
requirements of: Firstp compliancy, i.e., being able to force a large object

-wise through smaLl holes; and secondly,. sound absorbency.

Side Scatter vs. Forar4 -Scatter

F 1. SLde-3oatter Ezeriments (Fig. 12)

a. Scatter-induzed phase variations of the 250 Uz GW tranmLssione
as a funezion of depth of the foam-rubber mat are recorded in Fig. 13. Peak
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diphasi bs *'i-v u, *vacen transbnltnc and rec.i-a'
signals are 25 degrees. (See calibration at the beginning of the experiment
as shown on the right-hand side of the recording in F~ig. 13, 30 mm - 250.)
Maximum phase levels occurred whien the foawn-rubber mat was halfway between
the ice cover and the sedimentary bottom of the lake. The phase curve is
single-humuped. Phase levels corresponding to a bottom or top :Location of the
foam-rubber mat in the water are almost equal -- the difference being 2.5
degreess The phase curv is perfectly reproducible (Fig. 13).

b. For analysis, it is necessary to emphasize that in ti ie
Ow. scatter camse the foam-rubber mat was moved up and down beneath the traws-

snitter sits within a naxiximi of the radiation pattern of the squiare array of
seisic transducers o-n the ice surface. The distant hydrophone receiver,, on
the other hand., was 'witkiin a miim of this acoustic radiation pattern widch

-. was achieved by adjusting the phase relations between the electrical drive
Voltages of the transd¶20rs with a four-channel phase shifter.

2. Forward-Scatter Emeriments

The eperimental setup wans different in the forward-scatter case,
OWly one seismic transducer 'was used an a transmitter. The foam-rubber mat
wans moved up and down in the water at a location about half way' between the
transmttaer on the ice and the bydrophone receiver. The resultant phase vani-

J9, ations, an a function of the depth of the mat, werv now double-humped (Iigli4).
.Aýý Phase variations went through zero when the foam-rubber mat was approximatel.y
Min in line with the transducer on the ice and hb'drophone. Now, phase levels ob-

tained with the mat situated below the ice were distinctly different from
those obtained wh~en the mat was lying an the bottom of the lake.

3. Analysis of the Results of Scatter Experiments

of a. A detailed analytical. exlanation for recorded phase variations
ofteCV signal as a function of the position of the foam-rubber mat is given

- ~in Appendix E. This theoretical analysis confirms the fact that the foam-
rubber mat represented an absorber-type scatter body. The scatter radiatxon
pattern of such a body has a miniium (null) in the direction of the incident
'wave, henes, the double-humped shape of the phase variation an a function of
the depth of the rubber mat in the forward-scatter experiment,

be On the other hand, a maximum was obtained in a direction perpen-
-~ diculmn to the incident wave, hence., the single-humped shape of the phase var-

iation as a function of depth of the rubber mat in the side-scatter experi-

- c. Levels of phase curves associated with a top or bottom location
of the rubber mat are related to variable responses of the sedimentary bottom
to verticalljy incident, or obliquely incident, acoustic waves.

d. When the rubber mat in lying on the sedimentary bottom beneath
the transmitter site (side-scatter experiment), both the rubber mat and the
e.4lrment~ary bottoMa absorbi the v~erfticcal incidn wavves. - oblique iflCI-
dent waves (aide-scatter experiment) are reflected by the sedimentary bottom,
and absorbed by the rubber mat. At the underside of the ice, the acoustic
contrast between the reflecting ice and the Pmbsorbent rubber mat is largely a

* 20
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incident acoustic wave (parallel in the side-scatter case, and perpendicularI in the forward-scatter case).

Effecte of Air 1Abbles and Sheets of Air between Ice and Water

Carbon dioxide emitted from a fire extinguisher was used to simulate con-
ditions wherein a large sheet of air is trapped below the ice at the trans-
mitter site. The formation of a sheet of C02 gas almost three meters in di-
ameter had no significant eofi ct on levels of the 250 Hz CW signals emitted
from the mal transducers. Bubble-induced phase changes are recorded in
Fig. 15. Noise disturbances were observed while the 002 gas was being blovn
into the water; however, once the bubbles settled at the underside of the ice,
no further interference occurred.

CONCLUSIONS

1. The seismic transducers and techniques developed for cmoumication
through earth mdia are applicable for cosmunications from the surface of
floating ice to sulmerged submarines. Tranauiasion frequencies must be
higher than the critical frequency associated with the response of flexural
vibratians to noise due to the cracking and bursting of the ice. Using only
2 to 3 watts of power, narrow-band signals with carrier frequencies of 250 Hz
(third harmonic of the fundontal frequency of the mall seismic transducers)
and 1000 Rz (stack transducer) were transmtted from ice into water and re-
ceived by sumrged bydrophones. Transmission and reception of voice signals
in the 250 Hs to 1500 Hs band over a long distance failed. Intelligible voice
reception was possible only by the bydrophone submrged beneath the trana-
matter site*

2. The seismic transducers and techniques employed are applicable to
K .a4c-acouatic cainications from land, via earth and water, to submerged

a. Narrov-band wainal 80 Hz signals were transmitted from a hill to
brdrophones submerged beomath ice in the lake, 200 meters and 500 moter
offshore, respectively. A winum of 30 watts yielded an 11 dB signal-to-
noise ratio at the loiation 200 meters offshore and 6 meters beneath the lake
ice cover. Further imrovements should be readily obtainable by reduction of
the ban4midth of the hydrophone circuits from 40•Hz to 5 Hz.

b. In open water, where no noise due to ice cracking occurs, acoustic
interference levels are much lower and, consequently, signal power require-
ienta are correspondingly less.

3. The "Seisic Fence" Intrusion Detection Wstes is cpable of de-
tecting objects floating in water beneath a solid ice cover. A foax-rubber mat
was pushed through a hole in the ice into the water.. This rubber mat induced
a scatter of the 250 Hz CW signals radiated from seismic transducers on the
ice, and resulted in variations of the phase of the received, relative to the
transmitted, signals. These scatter-induced phase variations of up to 250
were measured as a Maction of the depth and location of the rubber mat beonth
the ice. Theoretical values corresponding to these scatter-induced phase
variations have been calculated and are given in Appendix E.
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APPENDIX A (DATA FROM IG BOOK)

SI&M TRA&&nsTTD FiBm oNSORo VIA SOIL AJD R0J'K INTO WATkR

DESCRIPTION OF SITES

1. Transmitter Site: A flat area on the slope of a hill about 100 meters
frm he beach, and 10l metars above the lake (Fig. 2).

2. Site Fmaration: None. Transducers placed directly on snow-covered .
frosen so , the worst possible coupling condition. Tho abbreviationus 20-H-1
and IZTD-H-2 refer to high power transdnme,-s.

A 3. Receiver Site: Hhydrophort detector HP-i, the onitor bydrophon, 2O a
offshore; and HP-2, the distant hydrophone, 500 a offshore; both located at a
depth of 6 to 8 asters beneath the 20 to 25 ca thick ice of the lake (Fig. 4).
Water depth at bydrophone sites 30 a and 50 a respectively. The bydrophone
sig•al (He) measuring and recording equp:pmnt im located onsore In the van
and connected via cables.

WMIENTAL DATL: SIGNAL CHARACTI•R•XICS, EJIRPMf CONFIG3AT30DX

Tranymission: 80 Hs GW; rotating pattern (variable phasing of XID-H-l
relative to ITD-H-2 drive oltage).
Tramdtters TNo-transdacer array.
Drive Poser: 35 watt each.

Detections By HP-i, 200 a offshore.
V He a 8 AY (approximately 0.8 micobars). Rseeved

s " " in the log book without marking correspondi phasg
of XTD-1 and IZTD-2e. This was not the maximm received sdigna.

Ambient Noise: Hs * 2 mV.

SKL Filte •js 60 to 100 Ha, Keithly opltier (0 dB) ahead of
B A=lut motor

Observations Pattern rotation perfectj Phase shift: clean and clear.
Bvaluation: S Na 20log8. 12 dB,

Remarkos: Date: 21 February 1967; Temeratxre: 0 to IOF. Ve short
feasblmity test.

Cataegory 2s

Tranomision: 80 Hz CW, Rotating pattern.

Tranasmtter: Tw-transducer array.
Drive Power: Approximate2y 6 watts and 70 watts respectively,.

Detection: By HP-l and HP-2.
SKL fi7ter SeMm: 60 to 120 Hs; Keithly aqlifier (+20 dB) for the
recording Of signal by an optical recorder.
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4 • Observation: Pattern shifts, but signal passes through.

Remarks: Data taken in the late afternoon 21 February 1967; Tenperatures
S W teteens. Extremely strong gusty wind. The cause of the shifting of
patterns was discovered at the end of this test. A runaway fishing shed,
blown across the cable by the wind, had pulled hydrophone HP-2 from the
intended water depth of about 7 meters to the top where it was wedged in
the hole drilled in the ice. In this position, the hydrophone is ex-
tremely sonsitiwe to the shifting of the ice and variations of the water
level in the hole.

0ategory 3ý

Transmission: 80 Ha CW; Pulsed OW.

Transmitter: Two-transducer array.

Drive Power: Approximately 60 watts each.

Deteation: By HP-1 and HP-2.

Reception:

a. Via PAR-JB-5 and PAR-HR-8. Lockin applifiers switched to external
reference, coherent detection position, for recording oa the optical
recorder.

b. ReceptioD via PAR-JB-5 and PAR-UR-8. Lockin amplifier in internal
refereance zon-coherent position for heterodyning received signals and
recording •ith Sanborn Recorder, Yodel 322 (Fig. 7).

Observation: Signals came through strong and clear.

Remarks: Recordings made about midday 22 February 1967. Weathers Sunny
and windy. Strong ice notion, a large crack developed in the ice between
HP-1 and HP-2 letting water come onto the ice surface. (Shortly there-
after HF-2, the distant bydrophone 5 a offshore, was brought in)

Category 4tJ

Tranuemsion: 82 Ha CW.

Transmitters Single transducer ZTD-H-2 alone.
Drive Powers 30 watts.

Soil Vibration: 5 in/s - 125 no/sec (vertical soil vibration neasured
with E-l V ation Meter located 10 ca from ZTD-H-2 piston edge.

Detection: By HP-l.
Received Aig Es1, Hs - 10 zV 1 microbar).

Ambient Moine: He - 2.7 XV (- 0.27 microbar).

SKL Filter Soe' tt : 60 Hz to 100 Hz; Keithby amplifiear (0 dE) ahead ofBZallntina ester.
Remarkas Data taken 23 February 1967; Temperatures in the twenties (OF)J

Nwing; 1drophone HP-2 had bean retrieved the dky before due to the
poor condition of the ice.
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APP•MDIX B

SIGNAIL TRWUNTISSION VIA ICE IFI0 WWI =

DESCRIPTON OF SITES

1e Transmitter Site: On the ice about 165 to 200 meters offshore (Fig. 4).
The four i'irEces in the Linear array were set at 2.5 eters apart over a
span of 45 moters (Transducer XTD-4 closest to shore, and transdacer ITD-i
the farthest offshore).

2. Receiver Sites:

a. Hydrophono detector HP-i, the monitor hydrophone, 200 - offshore andhalfway between transducer XTD-1 the transduoer farthest offshore, and XM-2
of linear 4-transdwcer array.

b. Hih'ophone detector HP-2, the distant ydrophone., 500 m offshore, in
line with the array.
These hydrophones were submerged 6 to 8 meters below the ice; bydrophone
signal (Ha) measiring the recording eauiptent located in te van onshore;
conneotion via cables.

:4 KLXPERflUTES

Cateory 1:

Trans•usuion Mode: 88 Hz OW.

MOE Transmitters Pour-transduoer array,, ZTD.
Radiation Pattern: Rotating via motor-driven phas shifter.

. ,Drive Power: 0.9 watts each.

Detection Mod: By UP-i

Received Signal: Levels and corresponding array phasing:
Hammu -72,W (-16dB) Vo

Haldn 4 &mV -9 dB) -4 min &.

Ambient Noise: He - 2 mV (-3,5 dB).
SKr, :L Mter Seg: 60 to 100 Hz; Xeithly amplifier, 0 dB + BaLlaatine
meter.
Recordings: W-1 and HP-2 (See Fig. 8).
Evaluation: mS0eB------ -* .0 dB.

N ma

Rem&rks: Un - dB levels refer to 1 mdcrobar. Data taken 20 Feb 1967,

CategorZ 21

Tranamission Ixoe: 250 Hz GW.
S..Tr....-4.. ... ,: Four-trana-- car array.
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0-9 Radiation Pattern: Rotating via motor-driven phase shifter.

4 rve Power: Approximately 1 watt eoch.
e .Detection: By bydrophone He-.,

Received Si nal: Levels and corresponding array phaseig:
Hanax a6 4 &V (+15dB A anx -13P

How - 2 .1 AV (-5 dB) 4Y, j -.29.

Ambent Nose: HE I mV (- dB) o

SrL Fi.lter Setting: 230 to 280 us; Keitby amplifiers 0 dB.
R=gm HP-1 and DP-2 (See Fig. 9).

N

Rnwks: So - dB levels refer to I od.robar., Data taken toward noon,
WN7-Suary 1967; Tamperatzres O0F. Strong signals ~wer also receivod
b heaphones uuing 20 dB gain on the Keithly ap-liner.

Transaission Hodes: 250 Hs Pulsed E.,

Trsitr four-transducer c'nTq.

WO Detectio•: byhdrophones HP-1 and HP-22 RG settings of PAR-JB-5 and
3• t see a&d 0.3 oec respctively-. Stle z'oordings of received
pulse signals are sohm in fig. 10.

A Ambient Noise: Levels mre anaured in uT £s follows (22 FebrwarY 1967)3

]b nNW-Re- in -~i*#2 brphrm#
15 av 1.3 (later 25) V wide band

3 MV 0.6 aV 60 - I20 H

2 &V 0 .35AV 2.30 -280 Es
6 0v 3 AV g0o - nlus.

Remarks: Pulse signals were received from hydrophanes via SKL fi.ters
and Wit .y nqipltfiero with PAR-JB-5 and DR-8 Lockin aWlifiers using:

a. External raference (coherent detection).

b. Internal reference (non-coherent) heterodyne & --:ýtion,

KD.-8 locked to internal reference of PAR-JB-5. Relative phase
stability' between aignals received from HP-l and HP-2 is
maiutained,

d. CW sigma's heterodyned with internal reference on PAR-JI,.5;
both signals appear to have constant phase relationship, When
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phasing of ITD array is rotated, hydrophone signals 1 and 2 change

accordingly.

e. Keitgl& Amplifier: HP-1 set at 0 dB; HP-2 set at 20 dB.

14 Evaluation: The 88 Hz transmission received by distant HP-2, oontaimd
more ice-cracking noise than the 250 Hz transmission. It appears that
the 80 Hz tranmission from onshore via soil to water was less affected
by ice-cracking noise than the 88 Hz tranusission from the surface of the
""ice Possible emplanation: Hoise vibrations emanating froa the trans-
snitter site are superimposed on the transmitted mnal thereby addig to
ambient noise from the receiver locale.

EASUMErNTS OF TRLDIUCEa N mED ICE VIUATIONS VWMSi HiMWPHOSE 31L

LEV&U• (Ha)

Category 1. Measurements at 88 Hz .M:

XTD Drive Power: 0.9 watts each. Vertical ice vibrations measured with
IW- Vibration Meter at distances of 1.0 am fro- the pistons of XTE-1 and

XTD-2 respectively, and on the cradle for bydrophone HP-1 (Fig. 4).
LSL Filter Setting: 60 to 100 Hz; Keithly Amplifiers calibration +2 dD.

XTD-1 (alone): 3.iw 0.002 uns 50 ,/see, Hs -148 zT
..TD-2a- (l n) "- o.oo15 i/ - 36 /14m. Hs - 36 av.

lTD-1 and ITD-2 7 0.002 6 in/s 6 0 ,44/ow
energized.,
(phased for ma yield: M f2 0 o.0034 9 - ,48 /u/se

(Hs) max.-.86&V yCradlei-0.0Cili /Si-27/k/m.

SA& !t Noise: Has - 0.5 mV (-27 dB).

Rt.,ks: Ambient noise vibration of ice below MK-I sewitivity.

Cateory 2. Measurements at 20 Hz CW:
lTD Drive Power: About 1 watt each.

r Detection and Transuission Proceduree Set up the sam as for 88 H-3
measuraments (see Category C-) except SKL filter set at 230 to 280 Ex.

MX-3 (alone): f1 "0.005i4sW - 0.133 mm/eo; Ha - 59 aT

XT2 (alone): 2 =0oo16 W8/= 0o.4 N/eec; Hsl o3.10 x

'TD-I and XTD-2 eOnag0zed -- ',, -•(phased for man) yiealdJ cradle 0.004 irl/B 0-o1 M/600-
(He) max - 93 xV (see Remark)

Ambient Noise: Hs - 0.5 &V.

Lenarkq: 12D-2 eshibited strong audible coupling to air. (Cradle vibr&a
teons masurable only when both transdacers are on.) These measurmAntu
wsre made on 21 February 1967; Temperatare: s 10oF. Weathers W1m, 9clou.
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STACK TU=CER AS flXRKI R (FIG. 3)

Categorr 1:

Transmiusion Mode: Voice.
ramaitter: Stack transdwer* (P. 3).

Drive Power: - 50 atta (peak).
etectin: By hydropbone HP-i.

SF r s t m 250 to 15 Hz; Keithly a l ifi ers (+40 d ) into

Observations Voice cmication excellent miien used with above-mentioned
=iJter.

frautmision: I000 uz OW, Pulsed OW; 14 periods ou - 32 periods off.
Detectiont By by&%dVopom HP-i.

SLU Filter Settings 900 to 1100 Hal 0 dB. Ha - 80 mW (Ballantine signal
very strong), nei3gibl moise; received pulse signal has perfect

a--"-- as seen on the scope.

=r..as Data taken in the aftateoon, 20 Febrary 1967.

fraunsi •sion 10 00 Ciz Pulsd W.

Tranattert Stack tranWhwar.

Drive Pover" 60 watts.

Detection: By bydrapboneu HP-i and HP-2. Sigas received by IP-2 we
SWdon 0C Optical Recorder (Fig. 11).
Ambient Noe Ivels in 9C0 to I t band.

a. Hydraphone HP-i noise - 6 &V (- 0.6 microbar).
b. yrxphone, P-2 noise - 3 RV ( 0.3 micrabar).

Observation: Distant hydrophona signal (OW aplit•d) us extxmly
--FI,( . U.). This was the Us strongest signal obtaind. Pulse node

am through clearly on distant h•d•ophon. (onitor HP-i channel out•~~ orozder.)

Rmrs Attempted voice commications to distant nydrephoms HP-2T&-dum to "Yomr intererence, byi enoie (wban th buwdt a

3 ddaned from900 -~ 13Os to 260 - 10 Hz).
Thstransducer was substituted for lTD-I of the array and used slowa. The

stack tramfscer is an e -qerAmental widband (artificially magnetostriotive)
transducer mades fracm st&&MIL ceai -a M.4.c am .-- blyr..*, hw t-
l-ingt•ions havig suitable oimpiance, koitation is in tAis case pro-vdd by ocl mI m ped arm~md the stac magnets,, an inefficient •lmpro.ia-tion. Actal refixed model is presently under construction.
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IT -. cord-,,o n _dth test routines. stack transducer man lifted off the
ice to check for possible electromagnetic coil-cable cross talk effects
which we nore likelý to occur in this opean-coil case. No much croas talk
was observed. On the other hand, pressing the stack tranaooer onto the
ice increased the volume of the hydrophons signml, which indicates in-
proved coupling.

Data taken 22 February 1967; Weater: SwuW and widy, trong ice

notion, gap* began to develop about 300 to 500 a offshore.

I' )3A~YRD~NT F STACK TRAMMThC&R MNUC1E ICE V UTMBTUS VOMAS HMUPIK)3

frananiiasion: 1000 Hz CW.

Stack Drive Power: 66 Vs 1.3 amp. (at imput of 1000 feet feed cable).

Neaamurents: Vertical ice vibrqtion at 30 an fro tat& tranesdwor,
m:TI717ation Mieter reading: /.0.0035 Li~e a 87 -- /xec. 0orrempond-
ing hydrophons HP-l i agal Hs - 56 xV (- 5 uloxobara) .
...Alnt Noises Hea - iff (o- 0,1 a•3icroab), (Bandwidth 900 to U0 S),

Ar

,.mr.. Data •tae 21 Febuar• • Tupera•-e 3 In the ee (01),

,j..
a

K- I.
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LWBENDU C

CW -SCATTER 11PRD(ENTS
SM M SEMU

3(I by dia in Fig. 12.

Transaission Mode: 250 Hz CW from eithert

a).a All four transducers (1 W each) phased to originally yield a minimum
of the gignal received by the hydrophone. Here the scatter object is sub-

ge beneath the center of the square array (Sid, scatter e*3erint~ , or

I • b). Only one transducer (nTD-1) energized. Here the scatter object is
submerged b LTD-1 and the hydrophone location (Furwrd scatter Mor-

Procedure: The scatter object, in our case a rubber mat approxiatelj 1L5 cm

Mhik a lnong, and 1. wide, weighted with old batteriea, ia lowered by
rope into the vieras shown in Fig. 12. As the rubber mat sir•s to the
bottom or Is pulled up to the surface, phase variations on the 250 Hz signal
are recorded (via the HM-8 Zockin amplifier) on the Sanborn 322 Recorder.

SIM scATza WRIP&ENT
Results of the side scatter exeriment are shmon y the "recording in

Filg. 13 The peak phas deviation as calibrated it 25and occurs when the
rubber mat (ecatterer) is halfway down (15 neters) between the ice and the
bottom.

,,Results of the forward scatter expermet we• shown by thw recording in
Fig. 14. Here the phase deviation versus depth of scatterer is doul-peaked.

Ma peak phase deviations are of the sam order of magnitude, i~e., 20P to .

Remarks: With regar to the dua e-h ed and sire-humped phase devation
ZU•is for the forward and side scatter experiments respectively, note that_. ?::the density mndor absorption-type scatter volmas has a null of its Coondar-Y

radiation pattern along the direction of the incidsnt wave and a peak in a
dredction perpend/orlar to the incident wavole hao a l. o) i

The intumnce of possible standing waves betwren ths ice and lake bottom
I - is unknon at present. An attempt to solve this problem by use of a subsia

mod*l for recoziing scatter from a horizontally moving scatter object failed.
Batteries of the submarin failed at the low temperaturs. In the next &tt•Mt,
external dc-power will be used to feed the submarine motor via wires from a
bettery-charger.

MFFUTS OF AIR NBBID S BMETN THE ICE AMD W

SCn. blown via a long hose fro& & Mire extngu•aher below the ice, w
[I used to detemine possible scatter effects (250 Hs); and possible deterioration

*ZffortBsto contain the C02 a weather balloon submerged belw the ice
fatled, a these balloons burnt.

32
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of 250 Hz sigmal transissions. Liitial release of air bubbles appear. •
like a noiseburst disturbance than like scatter (Fig. 15). No appreciable
change in signma strength occurred, even though a large sheet of C02 gas was
formed between the ice and vater at the tranastter site (For slight phase
charA* see Fig. 15).

.• ffRemarks: Data taken an 22 February 1967 towad ni.ght~fall.o ttempts to run
aIDH scatter experiment using the stack trn• er the next wrn~g had

, • •to be abandoned because of equipment difficulties under worsening weather

.. o
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APPODMI D

80 Hs SCATTE SEXPERfl(E F'I9 ONSORE

"80 Hs Trnsmission Via Soil Into Water From Lare Transducer (sig. 2):

Procedures using a receiver recorder pystem and a rubber mat a a scatter
obstac' wmv sialre a to those previously described in Appx. C. Remsults wrenegative.

erks: TWis was only a very brief xpoeriment made while packing up on
237erary 1967. The relative locations of the scatter object and hydrophone
receiver do not appear to be correct for this oase. Probing of selaimc waves
smaatlig from the shore and bottom of the lake into the water is required for
i:teligeant exploration of seiwmdc-sonic transmission for detection of scatter
objects in water.

a.,
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APPEMIX E

THEORETICAL VERIFICATION OF RESULTS OF THE SCATTER EXPERIMENTS

Acoustic scatter radiation due to the presence of an obstacle is described
by the following formsla (for its derivation, see Appendix F):

p .e
yt"

_ _ _

22

whr the sybl (also us" in Appz. P') denotes
psee......_..p__ s___e _lltud ote satered [av
Po .... • .. presnure aplitude of 4 ncddent planar wave propagatiglang

the x direction

2 I2

-..... .propagation constantl W o - 00
Ao

1, b, h ..... dissnoons of the obstacle

Ro..........eadistace betemen point of observation (3y7) of ps and the
scatter obstacle

c e...........soa d vecitTy, jo dns4iti of the water

4c and *p .deviations from co and f 0 respective4 lwtbn the volu
eO b. h of the scatter obstacle

* a...........afouzl absorption coefficient of the scatter obstaclU (For Its
defirition, see App=. F, Eq. (29).

During eperizentas, incident acoustic waves were not perfectly I
however, for the distacets used in the eiperints, wave fronts can be con-
sidered sufficienUy planar to warrant use of Formula (1).

It is also safe to assume, that the obstacle, the water-soaked fam-rubber
mat, acts essontial1y as an absorber. In other wrds, the ftao-rubber mat

35I



• I I

does not present an appreciable itoaogeneity of velocity and density, i.e.,

1 1Lc i 0 . C - n Formula (1). Consequently, only the third

Stern of Formula (1), involving the absorption coefficient a, is used for sub-
sequant calculation of scatter-induced phasa variations of the 250 H5 GW trans-
mission. (Notice that for R - x, i.e.. in the direction of the incident wave,

ps vanishes when the obstacle is an absorber, This agrees with results of the
forward scatter e•erient)

In the following discussion of the aide scatter problm, we :wt consider
the magnitudes and phase. of the direct wave and scattered wave at the loca-
tion of the 0droph . The essential facts of the side scatter experiment
were: Mhe direct ways was mininzed while the primary wave (along the x di-
rection) towards Atter obstacle was maximi•ed by controlling the drivevo•ltags8 of the osaismic transducers on the iSce. In other words, the hydro-I

phone was located in a minimxm and the scatter object in a maxim of the
acoustic radiation pattern. Thus, the hydrophone received a pressure

The first term in Eq. (2) represents the direct pressure wave (Pdir.), The
factor a danotes the ratio of miniam to maxim= of the darect acoustic radia-
tion pattern of the squre array of seismi transducers. The second term
represents the scattered wave that emanates from the scatter object.

P..... is the pressure incident on the scatter object. From Eq. (2)
4&1r kox

the relative scatter indced change of the bydrophone signal follows as:

- I Ai 4 ./ TTY/?4 , )i
Z'3-
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The scatter induced phase change 4  in then given by•- •

Siabtitution of thes following ezerimetal qugntitiem:
Di-menions of the foam-rubber ea.0 . 0 . a 2 up hi 1 ,b -0.03.5 a
An assimed absorption coefficient .......... AL u
The wave propagation conStant.........6...,. k, - 1 i1
Depith of submeraion of the fosa-rubber mat

below the Oquare array of transdacers.... z - 6 aDistan.e from -at to hydrophom ............ Y a 3D a
Mhe min-ama ratio of the radiation pattern. so~ 1/20 (-26 M9)

yields

This results in a phase change d.vf or"f aprro..zate 12 degrees.
Considering the crudiias of the theoretical Model used for derivaton of

2. the scatter (Fozrml. (1), p APP1. F) agreement within the order Of Mmuitado
of the emerimental value (25 degrees) is satisfactory.

N- •.In this repoct, it is nsceegaary to Mphagisthe •e nadn o the absop-
I tion coefficient Ea", For derivation of Fbrual (1), Appz. F, we have used

1:the relaxation time associatedvidth absorption of diffuse sound tV thw wallSof a solid bOdy as equal to the relaxation tim associated with viscous ab-
"P .sorption of -enoc•r•matic, sound. Consequently, exerimental values for ttscattered pressure pg should be larger then calculated values by at least afacto-r 2; inCe Wr~cIO e.~u pover rjwdensity i four' tims the di~ffusepower flow densiti' for the same energy density (See hppx. y, ftz=3ziA (27)

and (28)
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APPENDIX F

DERIVATION OF ACOUSTIC MATTER FORMMLIL

Derivation of the scatter formula proceeds from the foUoiing equations:

LEulers Equationa:

GontinuitV Equation: Z2

Equation of State: 97

By cons az incrketa changes ofpressure p and veoct Y. as w~l
as local ,arattoo (A nm.n.itieu) of the sound propagation velocity •,

* the d1ensity fP and the viscosity Xr in the acoustic medi~um, one arrives at
ina oeneous wave equ~ation f.or Us aco~ustc pr~eauum.

L The driving function of this wave equation contains the inhomogeneitles

approziaations, Involving in our came perturbation of an original plane wave

8olitiona fti naoeeu aeeuainaeotie yscesv
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